A ruptured atherosclerotic plaque leads to exposure of deeper layers of the plaque to flowing blood and subsequently to thrombus formation. In contrast to the wealth of data on the occurrence of thrombi, little is known about the reasons why an atherosclerotic plaque is thrombogenic. One of the reasons is the relative inaccessibility of the atherosclerotic plaque. We have circumvented this problem by using 6-,gm cryostat cross sections of human coronary arteries. These sections were mounted on coverslips that were exposed to flowing blood in a rectangular perfusion chamber. In normal-appearing arteries, platelet deposition was seen on the luminal side of the intima and on the adventitia. In atherosclerotic arteries, strongly increased platelet deposition was seen on the connective tissue of specific parts of the atherosclerotic plaque. Despite the evident importance of this issue, few studies exist about the thrombogenicity of the atherosclerotic plaque. Coagulation tests with tissue extracts of atheromas (6, 7) and addition of atheroma suspension to blood in a rotating tilted closed plastic tube ("Chandler loop" model) (7-9) tended to show less thrombogenicity than expected (6, 8, 9) . More recently histochemical studies showed that there is more tissue factor in an atherosclerotic plaque than in the normal vessel wall (10, 11). Perfusion studies with blood over hyperlipidemic rabbit atherosclerotic aortic subendothelium showed decreased platelet adhesion ( 12), whereas the injured artificially created neointima in rabbits was more thrombogenic than the injured normal intima ( 13 ). A problem of most studies is that the relevant deeper layers ofthe atherosclerotic plaque are relatively inaccessible to flowing blood. Artificial rupture of the atherosclerotic plaque in order to bring blood in contact with deeper layers has the disadvantage that it is difficult to evaluate the actual thrombogenicity because ofthe disturbed blood flow pattern. We have circumvented these problems by using cryostat cross sections of postmortem human coronary arteries. These cross sections were mounted on coverslips and anticoagulated blood was perfused over them in a rectangular perfusion chamber ( 14). These studies showed platelet deposition and thrombus formation particularly on the luminal side of the subendothelium and on the adventitia in normal vessels and strongly increased platelet deposition on the connective tissue of the atherosclerotic plaque. No platelet deposition was seen on the central lipid core of the atherosclerotic plaque.
Introduction
A ruptured atherosclerotic plaque leads to exposure of deeper layers of the plaque to flowing blood and subsequently to thrombus formation. In contrast to the wealth of data on the occurrence of thrombi, little is known about the reasons why an atherosclerotic plaque is thrombogenic. One of the reasons is the relative inaccessibility of the atherosclerotic plaque. We have circumvented this problem by using 6-,gm cryostat cross sections of human coronary arteries. These sections were mounted on coverslips that were exposed to flowing blood in a rectangular perfusion chamber. In normal-appearing arteries, platelet deposition was seen on the luminal side of the intima and on the adventitia. In atherosclerotic arteries, strongly increased platelet deposition was seen on the connective tissue of specific parts of the atherosclerotic plaque. The central lipid core of an advanced plaque was not reactive towards platelets. The results indicate that the atherosclerotic plaque by itself is more thrombogenic than the normal vessel wall. To study the cause of the increased thrombus formation on the atherosclerotic plaque, perfusion studies were combined with immunohistochemical studies. Immunohistochemical studies of adhesive proteins showed enrichment of collagen types I, III, V, and VI, vitronectin, fibronectin, fibrinogen/fibrin, and thrombospondin in the atherosclerotic plaque. Laminin and collagen type IV were not enriched. von Willebrand Factor (vWF) was not present in the plaque. The pattern of increased platelet deposition in serial cross sections corresponded best with areas in which collagen types I and III were enriched, but there were also areas in the plaque where both collagens were enriched but no increased reactivity was seen. Inhibition of platelet adhesion with a large range of antibodies or specific inhibitors showed that vWF from plasma and collagen types I and/or III in the plaque were involved. Fibronectin from plasma and fibronectin, fibrinogen, laminin, and thrombospondin in the vessel wall had no effect on platelet adhesion. We conclude that the increased thrombogenicity of atherosclerotic lesions is due to changes in quantity and nature of collagen types I and/or III. (J. Clin. Invest. 1994. 93:615-632.) Key words: atherosclerosis * thrombosis -platelet receptors * vessel wall proteins * perfusion system Myocardial infarction is in > 90% of cases caused by an occlusive thrombus in a coronary artery branch (1 ) . The underlying substrate for thrombus formation is usually a ruptured atherosclerotic plaque (2) (3) (4) (5) . This leads to exposure of deeper layers of the plaque to flowing blood. The atherosclerotic plaque has been assumed to be very thrombogenic, and contact of flowing blood with deeper layers should thus automatically lead to thrombosis. Thrombi on atherosclerotic plaques may cause myocardial infarction and angina, but may also lead to a further increase in atherosclerosis.
Despite the evident importance of this issue, few studies exist about the thrombogenicity of the atherosclerotic plaque. Coagulation tests with tissue extracts of atheromas (6, 7) and addition of atheroma suspension to blood in a rotating tilted closed plastic tube ("Chandler loop" model) (7) (8) (9) tended to show less thrombogenicity than expected (6, 8, 9) . More recently histochemical studies showed that there is more tissue factor in an atherosclerotic plaque than in the normal vessel wall (10, 11) . Perfusion studies with blood over hyperlipidemic rabbit atherosclerotic aortic subendothelium showed decreased platelet adhesion ( 12) , whereas the injured artificially created neointima in rabbits was more thrombogenic than the injured normal intima ( 13 ). A problem of most studies is that the relevant deeper layers ofthe atherosclerotic plaque are relatively inaccessible to flowing blood. Artificial rupture of the atherosclerotic plaque in order to bring blood in contact with deeper layers has the disadvantage that it is difficult to evaluate the actual thrombogenicity because ofthe disturbed blood flow pattern. We have circumvented these problems by using cryostat cross sections of postmortem human coronary arteries. These cross sections were mounted on coverslips and anticoagulated blood was perfused over them in a rectangular perfusion chamber ( 14) . These studies showed platelet deposition and thrombus formation particularly on the luminal side of the subendothelium and on the adventitia in normal vessels and strongly increased platelet deposition on the connective tissue of the atherosclerotic plaque. No platelet deposition was seen on the central lipid core of the atherosclerotic plaque.
To study the cause of increased platelet deposition on the atherosclerotic plaque, perfusion studies over cross sections of atherosclerotic coronary arteries were combined with immunohistochemical studies and inhibition studies using antibodies and specific inhibitors.
The postmortem coronary arteries were collected within 24 h ofdeath. The age ofdeceased patients ranged from 22 to 79 yr with a mean of 54 yr. The age ofheart transplant recipients ranged from 33 to 55 yr with a mean of 45 yr. Patients with severely calcified coronary arteries were excluded. Coronary segments, -1 cm in length, of the subepicardial right, left circumflex, and left anterior descending arteries were rinsed in Hepes-buffered saline (HBS;'1 0 mM Hepes, 145 mM NaCl), pH 7.35. Representative segments of coronary arteries were divided into two unequal parts. The smallest part was formalin fixed and embedded in paraffin for morphology. The other part together with undivided segments were embedded in optimal cutting temperature compound (Miles Inc., Elkhart, IN), snap frozen in liquid nitrogen, and stored at -700C. 108 different frozen coronary segments were used for perfusion studies: 28 normal segments from 10 patients without atherosclerosis, and 80 segments from 26 patients with atherosclerosis. The latter 80 segments could be divided into 14 normal segments and 66 atherosclerotic segments. Coronary arteries from autopsies in three newborn babies and arteries from three umbilical cords were also used.
Perfusion studies
Perfusions were carried out in a rectangular perfusion chamber, the characteristics ofwhich have been described previously ( 14, 15) . Glass coverslips ( 18 X 18 mm; Menzel Glaser, Braunschweig, Germany) were cleaned by soaking overnight in chromosulfuric acid and rinsing thoroughly with deionized water. They were air dried, coated with Denhardt's solution (0.02% Ficoll 70 [Pharmacia AB, Uppsala, Sweden], 0.02% BSA fraction V, and 0.02% polyvinylpyrrolidone 360 [Sigma Chemical Co., St Louis, MO] in deionized water) for 3 h at 680C. The coverslips were rinsed with deionized water (20 s) and fixed in ethanol/acetic acid (3:1; 20 min at room temperature), then air dried and baked for 3 h at 180'C.
Frozen cross sections of arteries at 6-,4m thickness were cut at -20'C and were mounted on the Denhardt-coated glass coverslips. The Denhardt coating was used to prevent detachment of the tissue section in flow. Tissue sections stick very well on this coating. After air drying (2 h ), the sections were incubated in a 4% human albumin (Behringwerke AG, Marburg, Germany) solution in HBS ( 12-16 h at 40C) to block aspecific binding. Almost no platelets adhered to the albumin-blocked Denhardt surface. The few platelets that adhered were platelets in the contact phase. The coverslips were rinsed with HBS and were inserted into the perfusion chamber. A minimum ofsix serial sections per frozen artery segment were used for perfusions. Fresh blood from normal donors who denied having taken aspirin in the preceding 10 ds was anticoagulated with 1:10 vol of 1 10 mM trisodium citrate, or with 1: 10 vol ofOrgaran (a low molecular weight heparinoid; kindly provided by Organon, Oss, The Netherlands) in saline (final concentration, 15 U /ml). The choice of anticoagulant was dependent on the experiment; Orgaran was used, since we had recently observed that adhesion to collagen type IV was almost absent and adhesion to collagen type I was decreased in citrated blood at high shear rate. Platelet adhesion under nonpulsatile flow conditions was performed using a rectangular perfusion chamber as described ( 14, 15) . Briefly, duplicate glass coverslips with cryostat sections were inserted in the chamber. Whole blood, 15 ml, was prewarmed at 37°C for 5 min and then recirculated through the chamber for 5 min at a wall shear rate of 1,600/s, corresponding to the somewhat increased shear rate in narrowed coronary arteries ( 16) . The system was rinsed with HBS after each perfusion. The coverslips were removed from the chamber, rinsed with HBS, and then fixed in acetone (10 min) or paraformaldehyde (2% in PBS, pH 7.4, -5 min).
Microaggregate formation during recirculation of the blood was measured as described (17 Visualization ofplatelet deposition. Paraformaldehyde-fixed cross sections were immersed in 0.1 M glycine in 0.05 M Tris-buffered saline (TBS) for 10 min, and rinsed in deionized water for 30 s. Coverslips with acetone-or paraformaldehyde-fixed cross sections were soaked for a few minutes in TBS (pH 7.6) plus 0.05% Tween-20 (TBS-Tween). Adhered platelets and platelet thrombi were visualized by staining with a biotinylated mAb against glycoprotein (Gp) Ib (mAb 6.74 a-lb obtained from Dr. M. Metzelaar, Department of Hematology). This mAb reacted with the Gp lb a-band in a Western blot and gave completely negative results in cytofluorography with platelets of a patient with the Bernard Soulier Syndrome. The biotinylated mAb 6.74 a-lb (0.5 tg/ml in TBS + 1% normal rabbit serum) was incubated on sections in a humidified box for 60 min at room temperature. This step was followed by three washes of 5 min with TBS-Tween. The sections were subsequently incubated with avidin-biotin-horseradish peroxidase complex (Vector Laboratories, Burlingame, CA) for 30 min at room temperature at a 1:1 ratio, as supplied by the manufacturer, followed by three TBS washes of 5 min. Bound peroxidase was detected by incubation with the chromogenic substrate 3,3'-diaminobenzidine (DAB; Sigma Chemical Co). 50 mg DAB was diluted in 100 ml 0.1 M phosphate buffer, pH 7.35, to which had been added 33 id 30% H202, 0.025% cobalt chloride, and 0.020% nickel ammonium sulfate. Cobalt chloride and nickel ammonium sulfate were added to yield a more intense, black reaction product ( 18 ) . After 10 min, sections were rinsed in deionized water, dehydrated, and mounted. In control sections the first antibody was either omitted or substituted by an irrelevant antibody of similar isotype (mAb against pollen of birch; Central Laboratory Blood Transfusion, Amsterdam, The Netherlands).
To determine the cellular content of the perfused cross sections, serial sections were treated as described above with the following mAbs: mAb anti-Desmin (clone DE-R-l 1; Dakopatts, Glostrup, Denmark), mAb anti-a-actin (clone asm 1; Boehringer Mannheim GmbH, Mannheim, Germany), mAb anti-human macrophage (clone EBM1 1; Dakopatts), mAb Leu-M3 (specific for monocytes and macrophages; CD 14; Becton Dickinson & Co., Mountain View, CA), mAb Leu-4 (specific for pan T cells; CD3; Becton Dickinson & Co.), and mAb anti-human leukocyte common antigen (CD45; Dakopatts). Since these mAbs were not labeled with biotin, an incubation step with a biotinylated rabbit anti-mouse antibody (Dakopatts) was inserted (1:400 diluted in TBS + 1% normal rabbit serum, 30 min at room temperature).
Evaluation ofplatelet deposition. Platelet deposition on perfused cross sections of(coronary) arteries was evaluated by light microscopy. Beside this qualitative evaluation, 23 sections of 6 different coronary segments were analyzed morphometrically with the Interaktiv Bild Analyse System (IBAS) image analysis system (Zeiss/Kontron, Eching, Germany). For this evaluation, microscopical sections stained for platelets were scanned with a charge coupled device camera. The images were digitized 10 times and averaged to improve signal/noise ratio (frame size: 512 X 512 pixels, 8 bits/pixel = 256 grey levels). Before analysis, the images were corrected for shading and contrast transitions were enhanced. After marking the intima and the media, the platelet coverage of these layers was determined by adjustment of the right grey level at a magnification of 4 (Table II) . Some locations of the intima and the media were enlarged 16 times, after which areas of platelets or thrombi were determined, as well as the total platelet coverage (Tables III and IV) . The total platelet coverage, evaluated with the IBAS image analysis system, was the same as that evaluated with the image analyzer (40-10; AMS Ltd., Saffron Walden, UK) normally used in our laboratory (results not shown). The data presented in Tables II-IV were expressed as mean±SEM (Tables II and III) or as mean±SD (Table IV) . The data were compared using the t test. Areas of platelets or thrombi were defined as the areas that were covered by platelets or thrombi. The total platelet coverage of a location was defined as the percentage of the surface covered by platelets and platelet thrombi.
Scanning electron microscopy (SEM). For SEM, 6-Mm cryostat sections were transferred to Thermanox® coverslips (Miles, Inc., Naperville, IL). After perfusion, sections were fixed in 2% glutaraldehyde in PBS, pH 7.4. The sections were postfixed in 1% osmium tetroxide for 1 h, dehydrated in a graded series of ethanol, and dried by the critical point procedure, using CO2 as transitional fluid. The samples were sputter coated with a thin layer of gold and viewed in a SEM (Cam Scan S2, Cambridge, UK).
Immunohistochemical studies
To identify the vessel wall components involved in platelet-vessel wall interactions, specific antibodies (Abs) for immunolocalization of adhesive proteins were used: mAb RU2 against the A2-repeat of von Willebrand Factor (VWF; University Hospital Utrecht), mAb antilaminin (clone 2G6/A2; Boehringer Mannheim GmbH), mAb antithrombospondin (Sigma Chemical Co.), F(ab')2 fragment ofthe polyclonal Ab against fibronectin (Cappel Laboratories, Cochranville, NC), monospecific polyclonal Ab against vitronectin (kindly provided by Dr. K. T. Preissner, Max-Planck-Gesellschaft, Bad Nauheim, Germany), polyclonal Ab anti-fibrinogen (Cappel Laboratories), affinitypurified polyclonal Abs against collagen types I and V (Southern Biotechnology Ass., Birmingham, AL), and mAbs against collagen types III, IV, and VI (Heyl, Berlin, Germany).
Serial 6-Mm cross sections ofcoronary arteries were cut in a cryostat (-20°C) and were mounted on clean glass slides. After air drying, the slides were fixed in acetone or paraformaldehyde and were handled as described earlier. Dependent on the first Ab, biotinylated rabbit antimouse (Dakopatts), biotinylated goat anti-rabbit, and horse anti-goat (Vector Laboratories, Burlingame, CA) was used as second Ab. 13 coronary segments with atherosclerotic plaque from 8 patients, and 7 unaffected coronary segments from 4 patients were examined.
Inhibition studies
In a further attempt to identify the components responsible for platelet deposition on the atherosclerotic vessel wall, we tried to inhibit platelet-vessel wall interactions. A total of 21 coronary segments with atherosclerotic plaque from 12 patients were examined. The results were obtained in three independent experiments.
Antibodies. mAb CLB-RAG35 against the platelet binding domain on vWF was kindly provided by Dr. J. A. van Mourik (Central Laboratory of the Netherlands Red Cross Blood Transfusion Service, Amsterdam, The Netherlands). This Ab has been described previously ( 19) . The amount added to the perfusate was determined before perfusion in a ristocetin-induced platelet aggregation (RIPA) assay. A 10 times excess was used for perfusion experiments. CLB-RAG35 was used both as ascites and IgG.
F(ab')2 fragment of the polyclonal Ab against fibronectin was used (Cappel Laboratories). This Ab completely inhibited platelet adhesion to purified fibronectin (Sara Beumer, University Hospital Utrecht, personal communication) and was used in previous studies (20, 21) . Tissue sections on glass coverslips were preincubated with 100 Al 1.5 mg/ ml Ab (60 min at room temperature). mAb AK 2 (ascites) against the vWF-binding site of Gp lb was kindly provided by Dr. M. C. Berndt (22) (Baker Institute, Melbourne, Australia). The amount added to the perfusate was determined in a RIPA assay. A 10 times excess was used for perfusion experiments. As a control mAb AK 3 (ascites), also against Gp lb but not against the vWF-binding site, was used (also kindly provided by Dr. M. C. Berndt).
mAb GoH3 (ascites) against VLA-6 (23) was kindly provided by Dr. A. Sonnenberg (Central Laboratory of the Netherlands Red Cross Blood Transfusion Service). 2 pl ascites/ml plasma was added to the perfusate. This concentration completely inhibited platelet adhesion on purified laminin (24) . Antibodies were added to the perfusates 30 min before perfusion.
Peptides/proteins. D-arginyl-glycyl-L-aspartyl-L-tryptophan peptide against the RGD binding site of Gp Ilb-Illa (Rh6ne-PoulencRorer, Paris, France) was added to the perfusate ( 12.5 and 100 'qM).
A recombinant leech anti-platelet protein (r-LAPP) (25, 26) that binds specifically to collagen inhibits collagen-induced platelet aggregation and platelet adhesion to collagen surfaces. The effect of r-LAPP Fibronectin-free, vWF-free, and patient blood. Platelets and red blood cells were washed by centrifugation of whole blood from a normal donor as previously described (27) and then resuspended in fibronectin-free or vWF-free plasma. Fibronectin-free plasma was obtained by passing normal plasma over a gelatin-Sepharose column as previt', It. M~. "U*., 4 .c.
-' ;4r' I X a n H e a n t X . * l > ¶Zo e ;-u ttA *sm X ., ously described by Houdijk et al. (20) . vWF-free plasma was obtained by affinity chromatography with mAb RU1 (University Hospital Utrecht) coupled to CNBr-Sepharose 4B (Pharmacia, Uppsala, Sweden). The final vWF content was < 0.05 U /ml plasma as measured by ELISA. Control perfusates were prepared by resuspending washed platelets and washed red blood cells in their own plasma. Platelet counts were standardized at 200,000/I (final concentration); the hematocrit was between 0.37 and 0.39. Whole blood was from a patient whose platelets lacked 80% of Gp la (28). EDTA treatment oftissue. Some cross sections of coronary arteries were treated with 10 mM EDTA in HBS + 1% human albumin (two times for 1 h at room temperature) before exposure to blood.
Control surfaces. Endothelial cell matrices on glass coverslips were derived from human umbilical vein endothelial cells as previously described (29 anticoagulated with citrate. In later perfusion experiments we chose the low molecular weight heparinoid Orgaran. Perfusions with Orgaran-anticoagulated blood gave same patterns of platelet deposition as perfusions with citrated blood, whereas the size ofaggregates was not diminished as with Fragmin-anticoagulated blood. Normal coronary arteries. In adults, the layer between the lumen of the vessel and the internal elastic lamina (IEL) was diffusely thickened. The thickness ofthe intima was often similar to that ofthe media or exceeded it, in contrast to the intima in newborns in whom the endothelial cells rested almost directly on the IEL. The thickened intima in adults consists of a basal elastic-muscular layer (elastic fibrils and longitudinally arranged smooth muscle cells [SMCs ] ) and a more edematous, collagenous (fibrous) luminal layer. The basal layer contained desmin-positive SMCs, whereas the luminal layer usually contained desmin-negative SMCs (mAb anti-Desmin negative and mAb anti-a-actin positive). Only a few scattered monocytes or macrophages were observed in the thickened intima (mAb anti-human macrophage or mAb Leu-M3 positive). Endothelial cells were variably present in our cross sections. These observations agree with earlier studies (30, 31 ).
After perfusion with anticoagulated blood and staining with the biotinylated platelet mAb 6.74 a-lb and the avidinbiotin method, platelets and platelet thrombi on coronary cross sections were studied by light microscopy. There was no platelet material observed without perfusion. On cross sections of healthy, adult coronary arteries, platelet deposition was mainly seen on the luminal side of the intima as a single row of elongated aggregates of small (maximum diameter < 10 um) to medium size (maximum diameter between 10 and 30 lm) and on the adventitia as large spherical aggregates (maximum diameter between 30 and 100 ,um; Fig. 1 A) . Platelet deposition on the remaining part of the intima and on the media was minimal and consisted of single platelets or very small and loose aggregates. The basal elastic-muscular layer of the intima had the same reactivity as the media, whereas the luminal fibrous layer was sometimes slightly more reactive. The relative lack of activity in the media was not caused by the use of cross sections, since longitudinal sections of the media gave the same results.
We removed the adventitia to explore whether initial (upstream) exposure to very reactive adventitia does affect platelet interaction with the inner layers. No differences in platelet deposition on media and intima were observed between cross sections with and without adventitia. Some cross sections showed an effect of blood flow direction on the luminal side of the intima. Upstream thrombi on the luminal side of the intima were larger than downstream thrombi on the luminal side ofthe intima. This phenomenon was probably caused by platelets that collide with the vessel wall.
Cross sections of coronary arteries from newborns showed the same pattern of platelet deposition as the adult specimens (Fig. 1 B) . The surrounding tissue of the artery was also very reactive, whereas the media was sometimes somewhat more reactive than the media in adult coronary arteries.
Umbilical cord arteries. Umbilical cord arteries are "small" elastic arteries without atherosclerosis. In contrast to coronary arteries, they have no clear intima and media; an internal elastic lamina is absent. Umbilical cord arteries showed the same adhesion pattern as the normal coronary arteries after perfusion with anticoagulated blood. Platelet deposition was mainly on the luminal side and on the adventitia (Fig. 1 C) .
Atherosclerotic coronary arteries. Atherosclerotic plaques had very diverse forms. Some of them consisted completely of dense connective tissue, or of loose connective tissue, whereas in other atherosclerotic plaques dense connective tissue alternated with loose connective tissue. Some plaques had more complex morphologic features, which sometimes indicated the presence of an organized thrombus. The typical atheromatous plaque, consisting of a basocentral atheroma and a thin fibrous cap, was not often seen in the coronary arteries of patients in this study.
In atherosclerotic plaques an increase in SMCs, monocytes, macrophages, and dense connective tissue was observed. Macrophages were often transformed into "lipid-laden" foam cells. T lymphocytes (mAb Leu-4) were also found. In spite of the great variation in cell types and distribution ofcells, the various cell types were often arranged in layers or groups.
After perfusion, most ofthe atherosclerotic intima was covered by platelet aggregates. Larger and more compact aggregates were mainly found in the upper halfofthe intima (Figs. 2   and 3 ). The size ofthe aggregates could reach that found on the adventitia and be similar to that on the adventitia of normal coronary arteries. The In advanced plaques, no platelet deposition was observed on lipid-filled areas, in contrast with the fibrous cap and the shoulder regions (cellular sides) of the plaque (Fig. 4, A and  B) . Collagenous layers were usually very reactive, although a gradation could be seen: superficial collagenous layers of the plaque were more reactive than deeper collagenous layers of the plaque (Fig. 3) . The media and the elastic-muscular layer of the intima of coronary arteries with atherosclerotic plaques were always less reactive towards platelets than the remaining part of the intima. In an occasional section the strictly circular organization ofthe media had disappeared locally and the content ofconnective tissue was increased. Such a media was more reactive towards platelets than an unaffected one. We reversed the orientation of cross sections in the perfusion chamber to see whether platelet deposition to various layers of eccentric atherosclerotic plaques was influenced by the blood flow direction. We did not observe differences in the pattern of platelet deposition when we altered the orientation of cross sections.
Scanning electron microscopic studies
With the use of SEM techniques, platelet deposition could be observed without the use of a platelet antibody. Fig. 5 , a-c, showed platelet deposition on the intima, the media, and the adventitia ofa normal coronary cross section, respectively. These electron micrographs clearly show that the structure of the various artery layers was basically different. In the healthy intima and in the media, cells and finely dispersed collagen were present, whereas in the adventitia, the collagen fibrils were bundled to form thick strands. In some areas ofthe atherosclerotic plaque, the collagen fibrils were organized in the same way as in the adventitia (Fig. 5 e) .
In the healthy intima, platelet aggregates were observed on the luminal side. Some single (dendritic) platelets were seen on the underlying intima (Fig. 5 a, arrows) . Platelets that adhered on the media adhered predominantly to the connective tissue between the cells (Fig. 5 b) . The aggregates on the plaque consisted of several layers of platelets (Fig. 5 e) . Although they appeared to be equally large, they were less compact than the aggregates on the adventitia (Fig. 5 c) Table IV shows the data of a coronary segment with an eccentric atherosclerotic plaque. Instead ofthree cross sections, only one (representative) cross section was evaluated. Per location (plaque or opposite wall of the plaque) six adjacent fields were evaluated and averaged (±SD).
It is evident from Tables III and IV that the atherosclerotic plaque had more large aggregates (2 100 Am2) than the media or the "healthy" opposite wall of the eccentric plaque (P < 0.01 ). The total number of platelets and platelet thrombi and the total platelet coverage in the atherosclerotic plaque were increased compared to media values (P < 0.05 and < 0.005). Increased platelet coverage in the intima was not accompanied by an increased number of platelets or platelet aggregates, but by an increased percentage of large aggregates.
Immunohistochemical studies
As described above, we found strongly increased platelet deposition on well-defined areas ofatherosclerotic plaques. Immunohistochemical staining of adhesive proteins was performed in Fig. 2 . * The "normal" intima (opposite wall of the atherosclerotic plaque) includes the aggregates on the luminal side of the intima.
order to find which protein could be responsible for this inwas detected in other cells or matrix structures neither in the creased thrombogenicity. For proteins that showed increased normal vessel wall nor in the atherosclerotic vessel wall. staining, we compared the localization with the areas of inLaminin and collagen type IV were diffusely distributed in creased platelet deposition (Fig. 6) . ing that laminin and collagen type IV were mainly present in the endothelial basement membrane (Fig. 7) . Vitronectin and fibronectin were diffusely distributed in the matrix ofthe normal intima. Fibronectin showed a fibrillar staining pattern, whereas the vitronectin pattern was more granular. In contrast to fibronectin, vitronectin was clearly present on the internal elastic lamina. In some plaques a more intense staining pattern of both proteins was observed. Some areas, particularly necrotic areas, stained more intensely (Fig. 8) .
The normal intima showed no diffuse staining for thrombospondin, in contrast to vitronectin and fibronectin. A luminal lining was often observed in the normal intima, although this line was not continuous. The deeper part of the normal intima was negative (Fig. 9) . Clearly defined areas in athero- ..* ,.
otic plaques stained strongly positive. Some of the border , corresponded with platelet reactive areas, but, as shown in 6, the platelet-reactive area could also exceed these border lollagen types I and III showed an identical distribution in the normal and in atherosclerotic vessel wall. Intense ing was often seen in superficial layers of the plaque. Coltype III was sometimes enriched on the luminal side of ormal intima (Fig. 10) . Platelet-reactive areas were alintensely stained for collagen types I and III, but there also intensely stained areas that were not reactive towards lets (Fig. 6 ). Collagen type V showed a more or less com-)le distribution as collagen types I and III, but the pattern ess well defined. collagen type VI showed a completely different staining rn compared with the collagen types already mentioned. areas stained clearly more intensely both in the normal la and in the atherosclerotic plaque. More intensely d areas in the atherosclerotic plaque were irregularly disted. he distribution of fibrinogen in the arterial wall was variAn increased staining for fibrinogen was often seen, but al looking intima could also stain positively without beactive towards blood platelets. We did not observe differin staining patterns between post-mortem and fresh coroirteries.
ition studies Addition of the mAbs CLB-RAG35 (against the platelet ig domain on vWF) and AK2 (against the vWF binding GpIb) to the perfusates resulted in an almost complete tion ofplatelet deposition (Fig. 11 ) . VWF-free blood was ways sufficient to inhibit platelet adhesion completely, Idition ofCLB-RAG35 resulted in a complete inhibition. bronectin. For studies in which the role of fibronectin udied we used citrated blood, since we recently observed un)fractionated heparin inhibited platelet adhesion to d fibronectin. Preincubation of cross sections with an ironectin Ab, perfusions with fibronectin-free blood, or with a combination of these two conditions did not result in a decrease in aggregate size. Perfusions with fibronectin-free blood sometimes resulted in less compact aggregates, but the en face platelet coverage was not decreased. To compare these results with earlier studies on endothelial cell matrix (ECM) (20) , we performed parallel experiments on cross sections of coronary arteries and ECM both at low (shear rate = 400/s) and high shear rates (shear rate = 1 ,600/s). Table V shows that fibronectin had no significant effect on platelet deposition on atherosclerotic plaque in contrast to platelet deposition on ECM, which was significantly decreased.
Fibrinogen/fibrin. The role of fibrinogen/fibrin in adhesion to the atherosclerotic plaque was studied via inhibition of its receptor. Gp Ilb-Illa acts as primary receptor for adhesion to fibrinogen (32) . Platelet adhesion to fibrinogen or fibrin was completely inhibited by the synthetic peptide dRGDW.
dRGDW (100 jiM) completely blocked aggregate formation on cross sections of coronary arteries, but had no effect on platelet adhesion (Fig. 12) , ruling out an essential role of fibrinogen.
Laminin. VLA-6 (Gp Ic-Ila) is the receptor for laminin involved in adhesion in flow. Concentrations of mAb GoH3 against (VLA-6), very late antigen-6 which completely blocked platelet adhesion on purified laminin, had no effect on platelet deposition on the atherosclerotic plaque.
Thrombospondin. Studies with isolated thrombospondin coated on a glass coverslip have shown that thrombospondin causes extensive platelet adhesion up to a shear rate of 1,600 / s (33) . Thrombospondin contains at least 12 calcium binding sites, and thrombospondin in a calcium-depleted form does not support platelet adhesion (33, 34) . Ifthe increased amount of thrombospondin in the atherosclerotic plaque was responsible for the increased platelet deposition, perfusions with citrate or preincubation of the atherosclerotic plaque with EDTA should abolish the increased platelet deposition. Perfusion studies in which citrated blood was compared with blood anticoagulated with LMWH showed no difference. Pretreatment of tissue sections with EDTA also had no effect on platelet deposition (not shown).
Collagens. Atherosclerotic lesions were enriched in collagens I, III, V, and VI. Since no polyclonal or monoclonal Abs directed against different collagens inhibiting adhesion were available, we had to make use of previous results obtained on isolated proteins. These studies showed that no adhesion occurred to collagen type V and that adhesion to collagen type VI was low at 1,600/s (35) , the shear rate used for the platelet adhesion studies on atherosclerotic plaques. We therefore concentrated our studies on collagen types I and III. Antibody studies with Abs against Gp Ia and perfusion studies with blood of a patient whose platelets lacked 80% of Gp Ia had demonstrated that Gp la-Ila was the most important platelet receptor for collagen (28). The platelet deposition on atherosclerotic plaques was therefore studied with blood of our patient with Gp Ia deficiency. The results are visible in Fig. 13 . A pronounced decrease in aggregate size was observed.
A novel leech protein (r-LAPP) inhibiting platelet aggregation with collagen, expressed in yeast (26) , was recently studied in our flow system. It was a potent inhibitor of adhesion to collagen types I, III, and IV, but not to collagen type VI. This recombinant protein was also a potent inhibitor of thrombus formation on the atherosclerotic plaque (Fig. 13 ).
Discussion
In this study, semi-thin cross sections of coronary arteries were exposed to flowing blood in a rectangular perfusion chamber. With this method it is possible to investigate the platelet interaction with deeper layers of the (atherosclerotic) vessel wall. This study is the first in which platelet deposition on all (relative intact) layers of the vessel wall is investigated under the same standardized shear conditions. The method used has the advantage that the reactivity of the plaque by itself is studied without other interfering factors in the bloodstream, and it opens ways for the study of new therapeutic approaches.
We have demonstrated that atherosclerotic vessel walls were more reactive towards platelets than normal vessel walls.
The increased platelet deposition was limited to specific parts of the atherosclerotic plaque. Superficial layers of a plaque were often more reactive towards platelets than deeper layers. Some deeper layers ofthe atherosclerotic plaque could even be less reactive than the normal intima. Atherosclerotic plaques were also different among themselves.
The variability within and between plaques may explain 626 van Zanten et al. Surfaces were preincubated with F(ab')2 fragment of the anti-fibronectin (FN) antibody. As a control surfaces were preincubated with buffer. Perfusions were performed with citrated whole blood, platelets, and red blood cells reconstituted (reconst.) with either normal plasma (pl.) or fibronectin-free plasma (FN-pl). Four coverslips per condition were evaluated. NS, not significant different from control (t test). ND, not determined. * P < 0.005.
why others did not find increased reactivity of the atherosclerotic plaque. Locally distinct concentrations of adhesive or thrombogenic components can cause different reactivity of various parts of an atherosclerotic plaque. For these reasons, work with whole tissue extracts is unlikely to be valuable. We have demonstrated that platelet adhesion to subendothelium, but particularly to adventitia and atherosclerotic plaques, leads to large aggregate formation, whereas adhesion to normal intima and media in general does not cause this. It is not easy to distinguish the initial adhesion events from subsequent platelet-platelet interactions, because it is not possible to inhibit aggregation completely without also affecting platelet adhesion at the shear rate we have used. To obtain some insight, we studied platelet adhesion after 1-min perfusion (results not shown). Most of the platelets adhered at sites where later on platelet aggregates were formed. This suggests that regions of the plaque that cause maximal activation of adhered platelets, leading to aggregate formation, are also those that cause the most pronounced initial adhesion.
We observed no difference in the pattern ofplatelet deposition between blood anticoagulated with citrate and blood anticoagulated with LMWH and desulphato-hirudin, although in vitro work ofthe collagen receptor shows a distinct dependence on divalent cations (36) . However, we have analyzed the aggregate formation with en face evaluation, which does not permit the analysis of small differences in thrombus height and density. Our results are in line with previous work on adhesion to subendothelium (37, 38) . Platelet adhesion to a more complex matrix is evidently not sensitive to low calcium/magnesium concentrations, in contrast with adhesion to purified proteins. It is plausible that platelet adhesion to a more complex matrix is less dependent on calcium/magnesium, because it involves a series of different parallel and consecutive receptorligand interactions.
Exposure of semi-thin cross sections of coronary arteries to flowing blood facilitates the study ofthe thrombogenicity ofthe atherosclerotic plaque, but the great variation in plaque composition, even in serial cross sections, makes this study com- plex. This is one of the reasons why we opted for a qualitative evaluation. To obtain some idea of aggregate dimensions and platelet coverage, however, a series of cross sections was evaluated with a computerized image analysis system (IBAS). These data confirm the highly significant increase in platelet coverage and platelet aggregate dimensions on the atherosclerotic plaque compared with the media and the normal intima. The computerized image analysis system as used here may have some inherent problems. Platelet coverages determined at low magnification are probably somewhat overestimated (Table II) Under the conditions in this study, the cholesterol-rich pool in the atheroclerotic plaque does not promote platelet deposition, although it is conceivable that atherosclerotic plaques with a pool of extracellular lipid in the intima lead more frequently to plaque rupture and subsequent thrombus formation in vivo (39, 40) . The presence of tissue factor will increase the thrombogenicity of the atherosclerotic plaque dramatically, and recent studies (41) show that thrombin inhibitors can block the development of acute platelet thrombus in "an in vivo pig model." Despite this knowledge, it remains unclear which components or factors in the atherosclerotic vessel wall are responsible for increased thrombogenicity and how they work together with factors from outside the vessel wall. Although "in vivo experiments" with animal models have produced valuable results (42, 43) , it is not clear that these results can be extrapolated to the human system. For example, Badimon and Badimon (42) found that the media from the vessel wall of the pig was considerably more reactive towards platelets. We found similar increased reactivity ofthe media in cross sections of rabbit arteries (our unpublished results). Differen detrimental to surface proteins. However, we have experience with purified fibronectin, vWF, fibrinogen, and various collagen types that were sprayed on glass coverslips. These proteins were also air dried during the spraying process, and gave good platelet adhesion after exposure to flowing blood in the perfusion chamber.
In an attempt to find out why (specific parts of) atherosclerotic plaques in human coronary arteries were more reactive towards platelets, specific Abs against adhesive proteins and platelet receptors were used. As a first step we performed immunohistochemical studies of the various adhesive proteins that may be responsible for this increased reactivity. The localization of vWF, laminin, fibronectin, vitronectin, thrombospondin, fibrinogen/fibrin, and the collagen types I, III, IV, V, and VI was studied and compared with the areas of increased thrombogenicity. Increased presence of collagen types I, III, and V, fibronectin, vitronectin, and thrombospondin has been reported before (45) (46) (47) (48) (49) . However, these studies concerned mostly atherosclerotic lesions in the aorta. No study was reported in which all adhesive proteins were studied simultaneously in the same atherosclerotic plaques. In this study, we found enrichment ofthe collagens I, III, and V in large areas of the atherosclerotic plaque. Collagen type VI was also enriched, but the picture was more variable between plaques. Fibronectin has been found to be increased in atherosclerotic plaques (47) . Our studies confirmed this, but the staining pattern was rather diffuse. In ELISAs for fibronectin on material obtained from microbiopsies from atherosclerotic plaques, we found up to four times as much fibronectin as in the normal intima (not shown). Vitronectin was also increased in the atherosclerotic plaque, but in contrast to fibronectin the increased staining had a pronounced patchy character. (53) .
Colocalization of these two ligands has been found in histochemical studies (48) . We could not confirm this forthe atherosclerotic plaques: collagen type V was more diffusely distributed than thrombospondin. As expected, vWF was present in endothelial cells and in the direct subendothelium. No vWF was found in deeper layers of the vessel wall in contrast to experimental data in rabbits in which vWF was found on the lamina elastica interna when SMC proliferation had occurred in an injured blood vessel (54) . No enrichment was found in atherosclerotic plaques of the basal lamina components'laminin and collagen type IV. The various proteins that were enriched in the atherosclerotic lesions are summarized in Table VI. The staining patterns found by histochemistry were compared with the areas of increased platelet deposition in serial sections. No exact correspondence was found. The best corresponding pattern was observed for collagen types I and III, where two proteins had exactly the same distribution. The area in which increased collagen types I and III were deposited was often somewhat larger than the area with increased platelet deposition. No correspondence at all was found for collagen type IV, laminin, vitronectin, fibrinogen/fibrin, and vWF. Thrombospondin-positive areas were often reactive for platelets, but there was also increased platelet reactivity in areas without thrombospondin. The staining pattern of fibronectin and collagen types VI and V was diffuse and it was therefore difficult to determine whether colocalization was present.
In the second part of our study, we used various antibodies and inhibitors in order to find out which adhesive proteins were involved in the adhesion of platelets to the areas with increased thrombogenicity. Vitronectin and collagen type V were not studied because previous studies from our laboratory and others (55) have shown that these proteins are only adhesive under static conditions, but not in flow.
The role of plasma vWF was established in studies with mAbs against the GPIb-binding domain of vWF and against GPIb. These same antibodies have been used before to establish the role of vWF in platelet adhesion to the normal vessel wall or the matrix of cultured endothelial cells ( 19) .
Fibronectin in the vessel wall was not important for platelet adhesion, since preincubation with an antifibronectin Ab had no effect. We can not exclude an effect of fibronectin released from platelets and this can not be studied, since no platelets exist that lack fibronectin. The antibody against fibronectin is less potent than the comparable mAb against vWF, and the receptors involved in the role ofadhesion to fibronectin in flow are not known yet. Removal of fibronectin from plasma led sometimes to less compact aggregates, but that phenomenon never resulted in decreased en face platelet coverage. From the literature, it is well known that fibronectin has an enhancing effect on platelet aggregation (56) .
Blocking the receptors for fibrinogen and laminin did not result in decreased platelet adhesion on the atherosclerotic plaque. We therefore conclude that these proteins are not involved. We know from earlier studies (33) that purified thrombospondin can not support platelet adhesion in its calcium-depleted form. We found no effect of calcium chelation on platelet adhesion to the atherosclerotic plaque, and for that reason it is unlikely that thrombospondin plays an important role in platelet adhesion.
The involvement of collagen in the increased platelet deposition on atherosclerotic lesions was demonstrated by two different sets of experiments. Studies with blood of a patient whose platelets only possess 20% of GPIa showed a strongly diminished platelet deposition. This decreased reactivity was mainly reflected in a diminished aggregate size. Previous studies of our own group (57) and others (58) have shown that changes in reactivity of collagens are indeed reflected by the size of platelet aggregates. The 20% of GPIa still present on the patients' platelets has been shown to be able to support platelet adhesion to some extent (28). A very pronounced decrease in platelet deposition was found with the recombinant platelet adhesion inhibitor rLAPP. It is at present not quite possible to state with certainty which collagen, type I or III, is primarily involved in the increased reactivity. GPIa-IIa is a receptor for all collagens involved in adhesion in flow, whereas rLAPP inhibits adhesion to collagen types I, III, and IV. Recent data indicate that collagen types I and III are present in mixed collagen fibrils (59). The localization of collagen types I and III coincide, in accordance with their presence in the same fibrils. The area of increased reactivity for platelets corresponds with areas in which collagen types I and III are enriched, but there are also areas of the plaque where both collagens are enriched but no increased reactivity is seen. This suggests that changes in collagen types I and/or III are responsible for the increased reactivity, but these changes must involve more than increased local concentrations alone since the immunohistochemical studies indicate that areas with increased concentrations may occur without increased platelet reactivity. Further studies are required in which the collagens in the atherosclerotic plaque are more precisely localized and studied with regard to their ability to support platelet adhesion and aggregate formation. The composition of the collagen fibrils, and their association with other collagens, glycoproteins, or proteoglycans may be of crucial importance for the reactivity towards platelets.
